coumer flow configurations by Eckert et al. (1953) and Metais and Eckert 0964). Based on these experimental results, buoyancy forces would be expected to cause significant changes in the heat transfer in investigations (e.g. Eckert et al., 1953 ) with single pass co-and turbine blade coolant passages and to be strongly dependent on flow counter-flowing stationary coolant passages indicated that there dan _ion (radially inward vs. radially outward). also be substantial differences in the heat transfer when the buoyancy forces are aligned with or counter to the forced convection direction.
A better understanding of Coriolis and buoyancy effects and the capability to predict the heat transfer response to these effects will allow the turbine blade designer to achieve cooling configurations which utilize less flow and which reduce thermal messes in the airfoil.
An extensive analytical and experimental program was originated and sponsored by NASA at the Lewis Research Center, Cleveland, Ohio, as part of the Hot Section Technology (HOST) program. The objectives of this program were (1) to gain insight on the effect of rotation on heat transfer in turbine blade passages, (2) to develop a broad data base for heat transfer and pressure drop in rotating coolant passages, and (3) to improve computational techniques and develop correlations that can be useful to the gas turbine industry for turbine blade design. The attainment of these objectives become even more critical with the advent of the Integrated High Performance Turbine Engine Technology (IHFTET) initiative. As part of the IHPTET goal, the turbine would operate at near stoichiometric (3500-4000F) inlet temperatures, maintain efficiencies in the 88-94% range, and require total coolant flows of only 5% of the engine air flow rate. To attain these ambitious goals, a thorough undemanding on the rotational effects of heat transfer and flow in turbine blade passages is mandatory.
Previous Studies
Heat transfer experiments in multiple-pass coolant passages with normal trips have been conducted in stationary models by several investigators to obtain • data base for the thermal design of gas turbine airfoils, e.g. Boyle (1984), Han et al. (1986) , Metzger et al. (1988) .
These data bases are directly applicable to the cooling designs of stationary vanes. However, the effects of Coriolis forces and buoyancy, due to the large rotational gravity forces (up to 50,000 g), are not accounted for.
The complex coupling of the Coriolis and buoyancy forces has prompted many investigators to study the flow field generated in unheated, rotating circular and rectangular passages without the added complexity of buoyancy, i.e., Hart (I 971 ), Wagner and Velkoff (1972) , Moore (1967) and Johnston et al. (1972) . The effects of rotation on the location of flow reattachment after • backward facing step presented by
Rothe and Johnston (1979) is especially helpful in understanding the
The combined effects of Coriolis and buoyancy forces on heat transfer has been stud/ed by • number of investigators.
Heat transfer in rotating models has been reported by Wagner et al. (1989 and 1990) Taslim et al. (1989) , Guidez (1988) , Clifford (1985) , Iskakov and Trushin (1983) , Morris (1981) , Morris and Ayhan (1979) , Lokai and (1979) , Johnson (1978) , and Mori et al. (1971) . With the exception of Taslim and Clifford, all of the aforementioned work was conducted with smooth-wall models. Large increases and decreases in local heat transfer were found to occur by some investigators under ceriain conditions of rotation while other investigators showed lesser effects. Analysis of these results do not show consistent trends. The inconsistency of the previous results is attributed to differences in the measurement techniques, models and test conditions.
Gunchenko

Objectives
Under the NASA HOST program, • comprehensive experimental project was fmmulated in 1982 to identify and separate effects of Coriolis and buoyancy forces for the range dimensionless flow parameters encountered in axial flow, aircraft gas turbines. The specific objective of this experimental project was to acquire and correlate benchmark-quality heat transfer data for a multi-pass, coolant passage under conditions similar to those experienced in the blades of advanced aircraf_ gas turbines. A comprehensive test matrix was formulated, encompassing the range of Reynolds numbers, rotation numbers, and heating rates expected in a modem gas turbine engine.
The results presented in this paper are from the second phase of a three phase program directed at studying the effects of rotation on a multi-pass model with smooth and rough wall configurations. The first phase utilized the smooth wall configuration. Initial results for outward flow in the first passage were previously presented by Wagner, Johnson and H•jek (1989) . The effects of flow direction and buoyancy with smooth wails were presented by Wagner, Johnson and Kopper (1990) .
The present paper covers the phase with surface roughness elements oriented at 90 degrees to the flow direction. Comparisons will be made with the results for smooth walls in the same model and with previous rotating and stationary experiments employing trips 90 degrees to the flow direction. Results from the remaining phase of the program with trips oriented 45 degrees to the flow direction will be discussed in • subseqeem paper.
The facility, data acquisition and data reduction techniques employed in this experiment were discussed in the Wagner et al. (1989) paf_ and will not be repeated. However, the description of the model wd! be repeated for the convenience of the reader.
DESCRIPTION
OF EXPERIMENTAL EQUIPMENT
Heal Transfer Model
The heat transfer model was designed to simulate the internal muhi-passage geometry of a cooled turbine blade ( 
RESULTS
Forward
Heat transfer in stationary experiments with augmentation devices on the passage walls is primarily a function of the Reynolds number (a flow parameter), the streamwise distance from the inlet, x/D (a geometric parameter), and the geometry of the augmentation device. the rotation number to obtain the value of the heat transfer ratio at a density ratio of 0.0 (i.e., limit as AT approaches 0.0). The heat transfer results obtained from the experiments plus the extrapolated values for a density ratio of 0.0 (dashed lines) are presented in Figure 9 as the variation of heat transfer ratio with the rotation number with the density ratio as the secondary variable for three sucamwise locations for the first and the second passage. The following discussion wi!1 concentrate on the differences in the heat transfer from the first and second passages.
High Pressure Surfaces. Heat transfer results from the high pressure side of the fwst and second passages is shown in Figure 9a and b for ranges of rotation number and density ratio. Note d.mt no effect of density ratio on the heat transfer ratio was expected (e.g. Wagner et =1. 1990 ) for a rotation number of 0 when f_m properties are used for the dimensionless heat transfer and flow parameters, Increasing the rouaion number causes local increases in the heat transfer in the fwst passages by as much as 75 percent compared to the heat transfer for a rotation number of 0. Whereas the heat transfer ratios for the high pressure surfaces in the fu_ passage increase sharply with increases in either the density ratio or the rotation number, the heat transfer ratios The data presented in Figure 9 showed that the effects of Coriolis and buoyancy forces are coupled in the first two passages through the entire operating range investigated.
The results from Figure  9 are presented in Figure 10 as the variation oftbe heat transfer ratio with the buoyancy parameter based on the local density ratio and radius, R. -_'/D= 3.0 
